In Pseudomonas aeruginosa, the catabolite repression control (Crc) protein repressed the formation of the blue pigment pyocyanin in response to a preferred carbon source (succinate) by interacting with phzM mRNA, which encodes a key enzyme in pyocyanin biosynthesis. Crc bound to an extended imperfect recognition sequence that was interrupted by the AUG translation initiation codon.
In Pseudomonas aeruginosa, the catabolite repression control (Crc) protein repressed the formation of the blue pigment pyocyanin in response to a preferred carbon source (succinate) by interacting with phzM mRNA, which encodes a key enzyme in pyocyanin biosynthesis. Crc bound to an extended imperfect recognition sequence that was interrupted by the AUG translation initiation codon. P yocyanin (PYO), the characteristic blue pigment of Pseudomonas aeruginosa, is a redox-active phenazine compound (21) which contributes to the virulence of P. aeruginosa as an opportunistic pathogen and has antibiotic activity against a range of bacteria and fungi. High cell population densities and suboptimal nutrient conditions favor the production of PYO (2, 7, 15, 23) . As a typical secondary metabolite, PYO is not essential for growth in vitro but can confer a selective advantage to the producer in the environment (23) . At the end of growth on glucose, P. aeruginosa excretes pyruvate (28) . Thereafter, in stationary phase, the bacteria can reutilize pyruvate by fermentation in a process that improves their long-term survival (4) . PYO appears to be required for pyruvate excretion and lowers the intracellular NADH/NAD ϩ ratio, suggesting that PYO regulates primary metabolism during a late growth phase (24) . Conversely, primary metabolism regulates PYO synthesis. Like others (13, 22) , we have observed that a crc mutant lacking carbon catabolite repression control overproduces PYO (see Fig. S1 in the supplemental material).
In Pseudomonas species, preferred carbon sources, such as tricarboxylic acid (TCA) cycle intermediates, cause catabolite repression of degradative pathways for less-preferred substrates (3, 25, 27) . Unlike enteric bacteria and Bacillus spp., pseudomonads essentially use a posttranscriptional mechanism to cause catabolite repression of genes involved in the utilization of less-favorable carbon sources, as follows. In the presence of TCA cycle compounds, the activity of the CbrA/CbrB two-component system, which senses the nutritional status, appears to be inhibited (12) . The CbrB response regulator, assisted by the alternative sigma factor RpoN, drives the expression of the small RNA (sRNA) CrcZ (1). Thus, P. aeruginosa exhibits high CrcZ concentrations when growing on less-preferred carbon sources (25) . CrcZ sequesters the RNA-binding protein Crc (3) and thereby prevents Crc-mediated translational repression of genes involved in the degradation of less-favorable substrates (1, 25, 26, 27) . The Crc protein (subunit size, 28.5 kDa) is a global regulator whose structure has not yet been elucidated. Crc recognizes an A-rich ribonucleotide sequence, which we have termed the CA motif (consensus AAnA AnAA, where n is preferentially C or U) and which is typically located near the ribosome binding sites of target mRNAs (17, 18, 19, 26) . In Pseudomonas putida, but not in P. aeruginosa, CrcZ is assisted by CrcY, a second Crc-binding sRNA (20) .
The CbrA/B-CrcZ-Crc regulatory cascade regulates pyocyanin formation. To assess carbon catabolite repression of PYO biosynthesis in P. aeruginosa, we initially used a qualitative test on agar plates containing either a minimal medium termed FD (5) or a complex pigment production medium (PPM) (11) . Both growth media stimulate phenazine production (5, 11) and were amended with 40 mM succinate, which is known to cause strong catabolite repression in P. aeruginosa (3, 26) . On both media, a crc deletion mutant overproduced PYO in comparison with the PYO levels from the wild-type P. aeruginosa PAO1 (see Fig. S1 in the supplemental material). In contrast, crcZ, cbrB, and rpoN mutants (Table  1) all produced little PYO (see Fig. S1 in the supplemental material), suggesting that the CbrA/B-CrcZ-Crc regulatory pathway accounts for the observed differences in pigmentation. Catabolite repression of PYO formation by succinate was confirmed in liquid FD medium; the addition of succinate improved growth yields of the P. aeruginosa PAO1 wild type by about 20% but resulted in a 4-fold reduction of pyocyanin levels at the end of exponential growth (ca. 3 ϫ 10 9 cells/ml) (see Fig. S2 in the supplemental material).
Translation of phzM is under Crc control. PYO biosynthesis proceeds in several steps from chorismic acid to phenazine-1-carboxylic acid (PCA), a redox-active yellow pigment with antibiotic properties (15, 23) . Like PYO, PCA can facilitate iron uptake by reducing Fe(III) to Fe(II) under reducing conditions (30) . The phzABCDEFG operon, which encodes the enzymes of the PYO biosynthetic pathway, including a 3-deoxy-D-arabino-heptu-losonate-7-phosphate synthase, has two functional copies in P. aeruginosa. PCA is converted to PYO by the PhzM methyltransferase and subsequently by the PhzS monooxygenase. The single phzM and phzS genes are located upstream and downstream, respectively, of the phzABCDEFG1 operon (14) . To find out which steps of the PYO pathway were subject to catabolite repression, we grew the wild type and the crc mutant in liquid PPM amended with succinate and determined PCA and PYO levels in culture supernatants during the transition from exponential growth to stationary phase (ca. 5 ϫ 10 9 cells/ml) by methods previously described (6, 31) . PCA levels were elevated about 1.5-fold in the crc mutant PAO6673 from levels in the wild-type PAO1 and the complemented crc mutant (Table 2 ). This mild catabolite repression effect was not investigated further. PYO levels were strongly elevated in the crc mutant from those of the wild type and the complemented crc mutant ( Table 2 ). The resulting dramatic shift in the PYO/PCA ratio suggested that the PCA-to-PYO conversion was particularly sensitive to catabolite repression. As the phzM translation initiation region contains a potential CA motif, whereas the phzS gene does not, we included a translational phzM=-=lacZ fusion construct (pME10011) ( Table 1 ) in all strains. In the crcZ, cbrB, and rpoN mutants, the PYO concentration was below detection (Table 2) . A ca. 9-fold difference in phzM expression was observed between the low levels in the crcZ, cbrB, and rpoN mutants and the high level in the crc mutant, while an intermediate level was found in the wild type ( Table   TABLE 1 600 , optical density at 600 nm. An OD 600 of 1.0 corresponds to ca. 0.6 ϫ 10 9 CFU/ml. d PCA was extracted from culture supernatants at pH 4 as described previously (6) . PYO was extracted at neutral pH with chloroform and then reextracted with 0.1 M HCl as described previously (31) . 2). Thus, phzM mRNA appeared to be a target for repression by the Crc protein.
The effects of succinate (a good carbon source), glucose (an intermediate carbon source), and mannitol (a less-preferred carbon source) on the CbrA/B-CrcZ-Crc regulatory cascade have previously been assessed in P. aeruginosa with amiE mRNA (encoding aliphatic amidase) as a target (26) . We now repeated this experiment with a translational phzM=-=lacZ fusion as the target in strain PAO1 and found the same regulatory pattern: catabolite repression was strong with succinate, intermediate with glucose, and weak with mannitol (Table 3) . Consequently, the PYO/PCA ratio was low with succinate, intermediate with glucose, and high with mannitol (Table 3 ).
The postulated CA motif of phzM is not contiguous and instead is interrupted by the AUG start codon (Fig. 1A) . Thus, instead of an optimal AAnAAnAA motif, there is an extended but imperfect recognition sequence (AAUAAAAGAUGAAUAA; nucleotides deviating from those of an extended consensus are underlined). Interestingly, this mRNA sequence was a good target for the Crc protein, as revealed by two Crc-mRNA complexes in an electrophoretic mobility assay (Fig. 1B) . The addition of competing CrcZ sRNA prevented the formation of these complexes, whereas the unrelated RsmZ sRNA (10) had no effect (Fig. 1B) . When the upstream part of the CA motif was mutated (designated ⌬CA1), only a partial band shift was seen for the highest Crc concentration used (Fig. 1C) . When both the upstream and the b Strain PAO1 carrying plasmid pME10011 (phzM=-=lacZ) was grown in PPM amended with the listed supplements at 40 mM. c PCA was extracted from culture supernatants at pH 4 as described previously (6) . PYO was extracted at neutral pH with chloroform and then reextracted with 0.1 M HCl as described previously (31) . The start codon is highlighted in boldface, and the split CA motif is indicated by two boxes. The mutations shown are followed by designations of the corresponding plasmid constructs. The site of the translational =lacZ fusion is indicated by an arrow. (B to E) Mobility shift assays, Crc purification, and RNA labeling procedures with [␥-32 P]ATP were performed as previously described (25) . Increasing amounts of Crc protein (as indicated) were added to 5 nM 5=-end-labeled phzM (B), phzM⌬CA1 (C), phzM⌬CA2 (D), or phzMCA ϩ (E) mRNA. The phzM wild-type and mutant mRNAs are truncated and consist of the first 288 nucleotides (nt) of the transcript. RNAs were transcribed in vitro using T7 RNA polymerase (Epicentre) and PCR fragments as templates, amplified with T7MF as the forward primer and PM6R (phzM), PM6RL (phzM⌬CA1), PMUD (phzM⌬CA2), or PMGA (phzMCA ϩ ) as the reverse primer (see Table S1 in the supplemental material). Nonlabeled CrcZ or RsmZ RNA was added at 100 nM to show that CrcZ, but not the unrelated RsmZ sRNA, can remove Crc from phzM mRNA.
downstream parts of the CA motif were mutated (designated ⌬CA2), Crc hardly interacted with phzM mRNA anymore (Fig.  1D) . In contrast, a G-to-A point mutation that created an upstream AAUAAAAA sequence (designated CA ϩ ) slightly improved the affinity of phzM mRNA for Crc, as can best be seen from the band shifts with a 100-fold molar excess of Crc over phzM mRNA (Fig. 1B and E) . A previous study (26) using amiE mRNA, which contains a conserved Crc-binding site upstream of the AUG start codon, revealed an affinity for Crc that was similar to that of the wild-type phzM transcript. In conclusion, the imperfect Crc recognition sequence in phzM mRNA, which is interrupted by the AUG start codon, still allows effective Crc binding and reflects the structural flexibility that an mRNA target can exhibit toward its protein ligand. This observation also highlights current difficulties in predicting Crc recognition sites solely by sequence inspection.
We then measured the effects of the modified CA motifs on the expression of the translational phzM=-=lacZ fusion in vivo ( Table  4 ). The ␤-galactosidase activities were in agreement with the results of the Crc-binding assays; in particular, the ⌬CA2 mutations abolished regulation by CrcZ and Crc entirely (Table 4) . With these experiments, we have confirmed that the CbrAB-CrcZ-Crc cascade regulates PYO expression at the level of phzM mRNA.
In conclusion, preferred carbon sources, such as succinate, are used by P. aeruginosa for efficient energy generation and rapid growth. Under these conditions, it makes sense to repress the formation of pyocyanin, whose physiological functions are displayed predominantly during restricted growth and in the stationary phase (23) . To what extent PCA, which continues to be produced under catabolite repression conditions, can functionally replace PYO remains to be seen. Interestingly, the inhibitory action of honey on PYO formation in P. aeruginosa can at least partially be ascribed to catabolite repression exerted by sugar molecules (29) .
